1 Experimental production and characterization of -succinic acid Paolo Lucaioli, Elisa Nauha and Nicholas Blagden
As part of wide co-crystallization screening, the L-Leu-L-Leu dipeptide has been crystallized along with succinic acid through slow solvent evaporation experiments. The analysis of different crystals obtained from the vial used for the experiment showed the presence of a new polymorphic phase of the acid (here defined as γ) along with the already known β form.
Further experimental work was undertaken, aiming to reproduce the formation of the γ polymorph, with an emphasis on identifying the specific aspects of the initial crystallization cocktail that promoted this novel phase. This required crystallization experiments to be conducted that take into account the possible influence of different chemical species involved in the initial crystallization.
Peptide synthesis and L-Leu-L-Leu dipeptide

Paolo Lucaioli and Ishwar Singh
The dipeptide used for the co-crystallization experiment has been synthesized through Fmoc Solid Phase Peptide Synthesis (SPPS), a well-established synthetic procedure based on the sequential addition of Fmoc-amino protected amino acids (aa) to a solid support resin. The final step of this method is removal of the peptidic molecule from the resin beads: this reaction is performed using a 'cleavage cocktail' containing trifluoroacetic acid (TFA). This harmful and corrosive compound (pK a =0.23) binds to the positively charged N-terminal of the peptide ( Figure S1 ) generating a strong ion pair (trifluoroacetate salts).
Figure S1. Molecular structure of the L-Leu-L-Leu dipeptide. The molecule is represented here in its usual zwitterionic state with a positively charged amino terminal (blue) and a negatively charged carboxy terminal (red).
The presence of such a chemical entity negatively affects both the physiochemical and biological properties of the peptide. For this reason, additional purification steps through chromatographic techniques followed by ion exchange reactions are routinely performed to purify the desired product.
For the co-crystallization experiment described in the present work, the L-Leu-L-Leu dipeptide was not purified: the TFA-contaminated product has been recovered from the synthesis liquor via evaporation (rotavapor) and lyophilization. Such treatments can remove most of the excess of TFA, but the final freeze-dried material is still affected by the presence of the contaminant.
Crystallographic data
Paolo Lucaioli, Elisa Nauha Table S1 . Crystal data and structure refinement for succinic acid γ form. The main feature and difference of the new γ form is represented by the position of the two carboxylic functionalities. In the α and β polymorphs, the carboxylic acid groups are pointing in opposite directions with respect to the plane on which C2 and C3 are positioned ( Figure S2b and Figure S2b ) while in the new γ form the two functionalities are placed on the same side of it ( Figure S2a ). The relative orientation of the carboxylic groups can be described by measuring the absolute value of the C 1 -C 2 ···C 3 -C 4 torsion angle (Table S2) . When this parameter is equal to 180°, they are exactly in opposite directions while a torsion angle equal to zero describes two eclipsed groups pointing in the same direction. .2 Powder X-ray diffraction of starting materials.
Index ranges -7<=h<=7, -11<=k<=11, -13<=l<=14
Reflections collected 11388
Independent reflections 671
R(int)
The powder diffractogram of the new γ polymorph was calculated from the solved structure using CSD Mercury. This was compared with the diffractograms of the already know forms (α and β ) and that of the succinic acid supplied by Tokyo Chemical Industries & Co., used as starting material ( Figure S3 ). Such comparison shows that the starting material contains the β polymorph and possibly some contaminant but there are no traces of γ. Figure S3 . Powder X-ray diffractograms comparing the starting material (slate grey) and the three polymorphs (red for γ, blue for β, black for α)
Attempts to reproduce the crystallization of the γ polymorph
Paolo Lucaioli, Elisa Nauha and Nick Blagden
Co-crystallization of the peptide is a non-trivial operation due to the high flexibility of the molecular backbone (and side chains). This is demonstrated by the presence of only few solvated forms of Leu-Leu dipeptide in the CSD. The presence of an additional contaminating agent (trifluoroacetate anion) generating a strong ion pair with the positively charged terminal of the peptide represents a further complication for the co-crystallization process. The slow solvent evaporation process often results in the formation of oily residues that are not suitable for XRD analysis. Nevertheless, when solid material is obtained at the end of the solvent evaporation, small crystals can often be found on the walls or the bottom of the glass vial along with non-crystalline material (frequently represented by sticky/rubbery residual matter). The retrieval of crystals for X-ray analysis (by SCXRD) is not straightforward. When crystals with dimensions suitable for single crystal analysis are separated, frequently they do not diffract well (it is often difficult to just index them during the unit cell determination) and different crystals must be screened to test the quality of the diffraction spots.
The use of the material for PXRD is not convenient because the diffractograms obtained from such analyses are not qualitatively good and reliable due to the presence of amorphous excess combined with a large number of possible unknown phases present in the mixture.
Using the solid material for PXRD analysis might also lead to a loss of crystalline material. Some experiments have shown that the repetition of the same co-crystallization procedure (e.g.: same method, conditions, starting material, stoichiometric ratio, etc.) can lead to different crystalline adducts with different composition or result in a failed experiment with no crystalline material at all. Despite the operational difficulty, the best way to analyze the cocrystallization product is though single crystal X-ray diffraction and this is how we found (luckily!) the single crystal of the new γ polymorph of succinic acid.
Nevertheless, PXRD analysis has been possible when experiments have been carried out in the absence of peptide in the experimental attempts to obtain the γ polymorphic form. (We have easily run powder X-ray diffraction analysis when crystallization experiments have been carried out using commercial samples.)
A) Investigating the role of trifluoroacetic acid (code: SATFA)
Mixed solutions (with variable stoichiometric ratio) of succinic acid and trifluoroacetic acid were prepared using methanol as solvent (Table S3) for crystallization via slow solvent evaporation. Crystalline material obtained at the end of the solvent evaporation in each vial was analysed by powder X-ray diffraction. Diffractograms of the different stoichiometric ratio mixtures were compared to check for any possible difference in peaks ( Figure S4 ). The diffraction patterns of the different succinic acid : trifluoroacetic acid molar ratios are congruent. For this reason, one of the samples has been chosen as representative (PL_SATFA, green in Figure S5 ) and used for a comparison with the diffractograms of: Vials have been also inspected optically under a microscope to double check the presence of crystals with different properties. Some of them have been randomly chosen and mounted on loops for unit cell determinations (and comparison with the α and β polymorphs). Results of such arbitrary screening are shown in Table S4 . Figure S6 ). The small extra peaks in the powder patterns of the SATFA samples are explained by the peaks from the mono-methyl hydrogen succinate. (We note that the monomethyl hydrogen succinate is in the folded conformation in both forms.) Figure S6 . Mono-methyl hydrogen succinate molecular structure. Figure S7 shows the reaction mechanism of generating the ester in the vial used for our crystallization experiments. The reaction is a simple acid catalysed esterification of a carboxylic acid in which the TFA acts as the catalyst while the solvent is the reacting alcohol. An equimolar solution of TFA-contaminated L-Leu-L-Leu dipeptide and succinic acid in MeOH has been used for a cocrystallization experiment. After the solvent evaporation, the vial was screened under the microscope. The residue obtained was a sticky/rubbery material (frequently encountered when co-crystallization experiments with TFAcontaminated peptides are performed): some fragile needles and small blocks were recovered from the vial (with some difficulties) and used for unit cell determination. Results of such screening are shown in Table S5 . The sticky material contained in the vial has been re-dissolved and re-crystallized using the same solvent (methanol) to attempt a better crystallization but the residue of the solvent evaporation was similar to the previous one.
Crystals suitable for SCXRD analysis have been retrieved with difficulty from it and used for unit cell measurements. Results of this second attempt are shown in Table S6 . Note: PXRD analyses are not available for these samples since the sticky material obtained from the cocrystallization through slow solvent evaporation experiment could not be recovered from the vial and could not be placed in a suitable support for X-ray diffraction.
C) Investigating the influence of the mono-methyl hydrogen succinate
The presence of an additional chemical species in the crystallization environment, represented by the serendipitously synthesized ester, required an additional investigation to understand the possible influence of such a component in the formation of the γ polymorph of succinic acid.
Commercial mono-methyl hydrogen succinate (obtained from Sigma Aldrich) has been used to prepare mixed solutions (solvent: methanol) with succinic acid in different stoichiometric ratios (Table S7 ). Vials containing the mixed solutions were capped with perforated parafilm and placed at 20 °C in an incubator to allow slow solvent evaporation. Solid material obtained at the end of the solvent evaporation in each vial was used for PXRD analysis of the different samples to investigate the presence of any possible difference in the diffractograms ( Figure S8 ). The comparison of the diffractograms of the different samples show that the samples are all similar. For this reason, one of these diffractograms (green in Figure S9 ) has been chosen as representative of the experimental plan and has been used for an overlay with the diffractograms of:
 mono-methyl hydrogen succinate known polymorph (refcode: MESUCC) -orange in Figure S9  new polymorph of mono-methyl hydrogen succinate -magenta in Figure S9  α succinic acid (refcode: SUCACB07) -black in Figure S9  β succinic acid (refcode: SUCACB11) -blue in Figure Vials have been inspected under the microscope and crystals selected randomly (from different positions inside the container) and mounted on loops for unit cell determination. Results of such screening are reported in Table S8 . 1.4 Analysis of crystal structures containing succinic acid.
Luca Iuzzolino and Paolo Lucaioli
The Cambridge Structural Database (CSD) 1 contains more than 850,000 experimentally-determined crystal structures, and it is an extremely valuable source of information on crystalline conformations. Two independent approaches were used to mine the data.
Neutral molecule CSD Python API analysis. Conquest 1.19 was used to retrieve all the crystal structures containing succinic acid, either as a single-component or in multi-component systems. The search was limited to nondisordered crystal structures with determined 3D coordinates, including hydrogen atoms, and with R factors smaller than 10%. The Crystal Packing Similarity Tool available through the CSD Python API 1.3.0 was used to remove redeterminations, defined by overlaying clusters of 30 molecules specifying a 20% distance tolerance and a 20° angle tolerance, and clustering structures with a 30/30 molecule match and an RMSD 30 < 0.3 Å. The retained structure had the lowest R-factor, except when a neutron study was available. The first criterion was sufficient to remove most of the 37 duplicates. When a crystal structure contained more than one independent molecule of succinic acid, if the central torsion angle did not vary between the independent molecules by more than 15°, it was only counted once. There was only one crystal structure (HOGFIU01) in which there were one folded and one planar molecule in the asymmetric unit. Hence, there are 142 individual succinic acid molecules in 141 unique crystal structures.
All the succinic acid molecules were either planar or folded, i.e. all the carboxylic acid groups were parallel to the central carbon chain, with no twisted conformations (such as aA-g or gGa on Figure S27 , for example). A minority formed conformers with cis carboxylic acid groups. The value of the central torsion angle, as output by Conquest, was used to classify the molecules as planar if it was between 170° and 190°, and folded otherwise. The CSD Python API was finally used to calculate the packing coefficient and the percentage of void space, with the default setting of a probe size of 1.2 Å and a grid spacing of 0.7 Å, of each crystal structure.
Results
Out of the 142 individual succinic acid molecules that were considered, 126 crystallized as planar and 16 as folded. The refcodes and formulae, and crystal properties for the planar conformations are given in Table S9 and those for the non-planar in Table S10 . Table S11 . Summary of the data shown in Table S9 and Table S10 . The planar conformers are clearly much more common in the CSD. On average, the crystal structures containing the planar conformer pack slightly better than those with the folded conformer, although the difference is only 1%, and probably not statistically significant. The polymorphs of single-component succinic acid have packing coefficients of ~74-80%, which are higher than those of most cocrystals, salts and solvates because of the dense packing of the carboxylic acid chain. Only four crystal structures, two with planar (HAGNEJ and MOXSOI01) and two with folded (DUWLAK and JEDLAG01) conformers of succinic acid, contain recognizable voids. Even in those four cases the void spacing is small, indicating that crystal structures containing succinic acid tend to pack well with themselves.
1.5 Comparison of crystal structures of succinic acid in all protonation states using dSNAP.
Paolo Lucaioli, Elisa Nauha and Nicholas Blagden
A conformational cluster analysis using dSNAP has been carried out in order to obtain a wide overview of the conformational families of succinic acid molecules and ions. The analysis has been performed doing CSD searches for the molecules shown in Figure S10 . The folded non-planar conformations are grouped in three different clusters. The new polymorphic form (labelled +UCACPL2 on Figure S11 ) from the yellow cluster has been compared with KIJSEC (green cluster) and HELFEL (blue cluster) using the same method described above and the conformational differences are shown in ( Figure S14 ). The main difference is the relative orientations of the carboxylic functionalities: to visualize it in a better way, it might be useful to consider the directions C=O bonds. Placing the carbon chain on the plan we can see three different situations ( Figure S14 ):  yellow cluster: the two C=O bonds are pointing in opposite directions on the two sides of the carbon chain  green cluster: C=O bonds are pointing towards the same side of the carbon chain  blue cluster: the two C=O bonds are pointing on opposite directions on the two sides of the carbon chain but the carboxylate groups have a completely different orientation if compared with those of the yellow group.
Hits grouped in the magenta cluster cannot be visualized using the Multiple Fragment Viewer in dSNAP. Structures of HOGFIU and XUBVEW (folded) were loaded into Mercury and a structure comparison was carried out using the Multiple Structure option and considering other conformations from the yellow, green and blue clusters ( Figure  S15 ). The The results of the cluster analysis for the succinate ion identify two well-defined clusters ( Figure S17 ):  The red cluster representing the planar conformations; it also contains the two previously known polymorphs.  The yellow cluster containing folded conformations of succinate; in this group, we can find the new γ polymorph.
The five clusters on the right hand side of the dendrogram (green, cyan, blue, magenta and striped-orange) show some error in the elaboration of the data.
Table S12 sums up the occurrence of the planar and folded conformations that can be found in the dSNAP analysis of structures in the CSD for the different protonation states. A CSP search for succinic acid was carried out using CrystalPredictor version 2.2. 4 This was done with a flexible molecule, where the main torsion angles were allowed to vary as described in Table S13 . For each combination of independent degrees of freedom, the entire molecule was optimized with GAUSSIAN at the PBE0/6-31G(d,p) level. The Hessian matrix for each Local Approximate Model (LAM) was generated at the same level of theory, to enable accurate interpolation between points. This version of CrystalPredictor allowed the use of non-uniform LAMs, so the grid that was generated (Table S13) was inspected, and any areas with jumps in the energy of more than 10 kJ mol -1 had an additional LAM point calculated. This was repeated with smaller maximum allowed discontinuity sizes until all parts of the LAM were smooth to within 1 kJ mol -1 .
1,000,000 crystal structures were generated by CrystalPredictor using any conformation of the molecule described in the database of LAM points. Point charges fixed to those calculated at each LAM conformation in the database were used in the search, which covered the 61 space groups P1, P-1, P21, P21/c, P21212, P212121, Pna21, Pca21, Pbca, Pbcn, C2/c, Cc, C2, Pc, Cm, P21/m, C2/m, P2/c, C2221, Pmn21, Cmc21, Aba2, Fdd2, Iba2, Pnna, Pccn, Pbcm, Pnnm, Pmmn, Pnma, Cmcm, Cmca, Fddd, Ibam, P41, P43, I-4, P4/n, P42/n, I4/m, I41/a, P41212, P43212, P-421c, I42d, P31, P32, R3, P-3, R-3, P3121, P3221, R3c, R-3c, P61, P63, P63/m, P213, PA-3, P2221, Pba2. A similar number of structures were produced in each spacegroup, as a small highly symmetrical molecule such as succinic acid will have a tendency to crystallize in higher symmetry space groups than is typical on the CSD. The FIT repulsion-dispersion potential was used. The resulting crystal structures were compared by CrystalPredictor's internal clustering program, Analyse, and the 26,827 unique structures within 20 kJ mol -1 were retained.
For each crystal structure, a rigid molecule charge density evaluation at the PBE0/6-31G(d,p) level was carried out, and the distributed multipole analysis of this carried out with GDMA2.2. 5 The crystal structure was then minimized with DMACRYS, with this multipole description of the charge density and the FIT potential. At this stage of the calculations, some crystal structures were found to have very low density, as there were only very weak or no interactions between layers of the molecules. In these cases a small external pressure (0.2 GPa) was applied to the DMACRYS minimization and the crystal structure reminimized. The pressure was then removed and the structure minimized with DMACRYS again, to ensure that all final crystal structures had been evaluated with the same minimization method. The energy from the rigid molecule charge density evaluation calculation was used to calculate the intramolecular energy penalty for each individual conformation relative to the gas phase optimized conformation, which was added to the intermolecular energy calculated from the distributed multipoles and FIT exp-6 potential. A clustering algorithm based on powder pattern similarity and crystal structure overlay was used to remove duplicate structures, and there remained at this stage 1835 unique crystal structures within 20 kJ mol -1 of the global minimum energy structure.
CrystalOptimizer2.4.4 6 was then used to minimize the crystal structures, allowing the seven torsion angles and eight bond angles shown in Figure S19 to be optimized in response to the packing forces. The same database of LAMs as was used for the CrystalPredictor search was extended, with LAM validity restricted to any point within 5° for torsion angles and 1° for bond angles, and a second database of the distributed multipole analyses was created, and used to generate the DMA file required for the DMACRYS minimization of each structure. Any structures that corresponded to saddle points on the energy surface (negative eigenvalues are seen in the DMACRYS minimization) were reminimized at lower symmetry structures with the same computational model.
The CSP landscape was therefore calculated from the molecular PBE0 6-31G(d,p) charge densities to give the conformational energy and distributed multipoles, with the empirical FIT potential. To assess the possible effect of an average polarization of the charge density within the crystal, a separate estimate was made by performing the molecular wavefunction calculation in a polarizable continuum (PCM) of =3.
Structures were inspected by PLATON to see if the symmetry could be increased. The search method uses a whole molecule, but the internal symmetry of the molecule can be included in the space group symmetry (as is the case for all three experimentally observed polymorphs, which contain only half molecules in the asymmetric units).
The results of the CSP search, covering the crystal structures up to -100 kJ mol -1 in total lattice energy, are given in Table S14 , and are available from the UCL Chemistry authors on request. The structures are labelled by their rank at the CrystalPredictor stage. 
Match of known and CSP structures
Structures A23778, A9393 and A19217 generated in the CSP study corresponded to the low energy  form, the high energy  form and the new conformational  form, respectively ( Figure S20 ). It is apparent that the high temperature form is less well reproduced with the energy model chosen for this work, which is at a notional 0 K, although some temperature effects are included in the FIT repulsion-dispersion potential parameterization of room temperature crystals structure data. 
DFT-D relative energetics of experimental and CSP crystal structures of succinic acid
Rui Guo and Sarah Price
The input structures of succinic acid used in the periodic DFT-D calculations are listed in Table S15 . 
Method
Full DFT-D crystal structure optimizations were carried out with CASTEP ver. 18.1 for the three experimental forms, and three competitive CSP structures, using the pure PBE functional and Tkatchenko-Scheffler (TS) 7 or Grimme's D02 8 dispersion correction scheme, with on-the-fly ultrasoft pseudopotentials. A plane wave cutoff energy of 1100 eV and k-point grid spacing of 0.10 Å -1 were used after extensive convergence testing. Structural optimizations were carried out using the BFGS algorithm with an SCF electronic energy tolerance of 10 -10 eV, force convergence tolerance of 0.001 eV/Å, and fine grid scale of 4. The PBE-TS and PBE-D02 optimized structures are listed in Table S16 and Table S17 .
After DFT-D optimizations, other dispersion correction schemes beyond pairwise dipole-dipole interactions, such as Tkatchenko-Scheffler's Many-Body Dispersion scheme (MBD*) 9 and Grimme's D03 scheme, 10, 11 were used for singlepoint energy calculations on the PBE-TS and PBE-D02 optimized crystal structures, with the results shown in Table  S18 .
For the β and γ forms, phonon calculations were performed on PBE-TS optimized structures, using the finite displacement method with 2x6x2 and 2x2x2 supercells for  and  respectively to make sure the phonon Brillouin zones were sufficiently sampled to converge the energy difference. Zero-point energies and vibrational free energy corrections were estimated from the phonon density of states calculations within the harmonic oscillator approximation from 10 K to 460 K and are given in Figure S21 and Figure S22 . The relative energies of all structures in Table S16 and Table S17 , along with their single-point energies calculated with MBD* and D03 dispersion schemes, are listed in Table S18 . For comparison, CrystOpt (PCM) relative energies are also shown. The results in Table S18 were also shown in manuscript Figure 3 , and compared to the energies in the search (CrystOpt) and CrystOpt(PCM).
Results
Compared to CrystOpt which has the energy difference between α and β forms greater than 8 kJ mol -1 , DFT-D relative energies for the three known polymorphs, no matter which dispersion correction was used, all lie within a much narrower range of 2 kJ mol -1 . Frequently, the three known forms of succinic acids can be found within an energy range of less than 1 kJ mol -1 , which is within the current limit of accuracy of available computational methods for relative energies of different polymorphs of organic molecular crystals. With such a small energy difference, other contributions to the relative energies, which are routinely omitted, become more important, such as zeropoint energy, free energy corrections and thermal expansion.
Figure S21. The Helmholtz free energy (A), internal energy (E, which includes lattice energy, zero-point energy and thermal correction), and the vibrational TS terms of β and γ forms of succinic acid, calculated using the PBE-TS method within the harmonic approximation. The difference is too small to be visible.
Although the Helmholtz free energy depends strongly on temperature ( Figure S21 ) the difference between the two polymorphs is small. However, as shown in Figure S22 , the relative stability of the γ form decreases with increasing temperature, and the Helmholtz free energies of the two forms cross each other around ambient temperature. This is mainly because of the larger vibrational entropy of the β form.
Figure S22. Relative Helmholtz free energies (ΔA), internal energy (ΔE, E includes lattice energy, zero-point energy and thermal correction) and vibrational TS terms (ΔTS) of the  and  forms of succinic acid as calculated using PBE-TS lattice energy and phonons calculated within the harmonic approximation.
Molecular Dynamics Studies
Ilaria Gimondi and Matteo Salvalaglio
Methods
For the analysis of the conformational behaviour of succinic acid in water, we employ molecular dynamics (MD), well-tempered metadynamics (WTMetaD) and Markov State Model (MSM), which allow identification and distinction of succinic acid's conformers, evaluation of their free energy, and study of their equilibrium distribution and characteristic time for such equilibration. Crystal structure stability is investigated with MD.
Molecular dynamics (MD) is a powerful tool to access the molecular scale of a system and uncover the dynamics of its evolution; however, it presents limitations that prevent sampling rare events, as these processes take place on timescales that cannot be accessed by standard MD. [12] [13] [14] [15] [16] To circumvent such limitations, enhanced sampling techniques are developed to accelerate rare events and enable their sampling. Among these techniques, we employ well-tempered metadynamics 17 (WTMetaD), a variant of metadynamics 18 (MetaD). In short, metadynamics methods are based on the introduction on an external history-dependent bias potential along with a well-chosen and lowdimensional set of collective variables (CVs), which are descriptors of the configurational state of the system. The introduction of such bias forces the system to leave the initial basin and explore other stable and metastable configurations in the CV-space. It is thus possible to sample rare events. Another advantage of MetaD/WTMetaD is the possibility of recovering the free energy of the system as a direct output of the simulation; such outputs provide the free energy as a function of the CVs (free energy surface, FES). Interesting, little a priori knowledge of the CVspace is required. As a comprehensive introduction to MetaD and WTMetaD is beyond the aim of this introduction, we refer the interested reader to insightful reviews on the technique and its applications. [19] [20] [21] The model of succinic acid is the General Amber Force Field (GAFF) 22 and that for water is TIP3P.
MD conformers of succinic acid
We investigate the evolution of one succinic acid molecule in a solution of 2157 water molecules. MD simulations are integrated with a 0.001 ps step, using dispersion corrections to evaluate van der Waals interactions, and particle mesh Edwald (pme) for the electrostatics, with 1 nm cutoff. The NPT ensemble is obtained by employing the Bussi-Donadio-Parrinello thermostat 23 and the Berendsen barostat 24 at 300 K and 1 bar, respectively. We perform 18 independent 100 ns-long MD simulations, starting from a different conformer of succinic acid (see Table S19 ).
As far as WTMetaD is concerned, we employ the same set up as standard MD. An additional concern here is the selection and definition of the collective variables, whose choice is pivotal to run effective simulations. As our focus is on succinic acid conformers, we employ as CVs the three main structural dihedrals of the molecule, hereafter referred to as t 0 , t 1 and t 2 (highlighted in Figure S23a , t 0 corresponds to the torsion of the carbon atoms (C1-C2-C3-C4), while t 1 and t 2 consider the rotation of the hydroxyl oxygen of the acid groups (O1-C1-C2-C3 and C2-C3-C4-O3, respectively). The bias is introduced along these CVs as a sum of Gaussians with initial height 1.2 kJ mol -1 , width 0.2 rad for each dihedral; the biasfactor is 5 and the deposition takes place every 5 ps. The same setup is used to compute the free energy associated with conformational changes of a single succinic acid molecule in the bulk of the β phase. For simulations in water, WTMetaD started from conformer aAa (see Table S19 ) and ran for about 458 ns.
Succinic acid crystals
MD simulations of succinic acid molecular crystals employ the same set up discussed above. Supercells of the β and γ polymorphs are obtained by replicating 64 unit cells, i.e. structure SUCACB12 (refcode 929783) of the Cambridge Crystallographic Data Centre (CCDC) for β and the one reported in this work for γ. The so-built cells firstly undergo energy minimization, followed by 50 ns NVT equilibration. Then, for each polymorph, the equilibrated configuration is simulated in the NPT ensemble; in particular, three different pressure coupling conditions are employed to investigate the stability of the crystals: isotropic, anisotropic with and without possibility for the cell angles to fluctuate (hereafter referred to as fully anisotropic and anisotropic, respectively). Metadynamics simulations have been performed instead on larger supercells (512 molecules, i.e. 128 unit cells) of the γ polymorph in order to gain insight into its structural relaxation and its destabilization due to fluctuations in the β cell angle. Details on these simulations are reported in the results section.
Markov State Model (MSM)
Markov State Models (MSM) are kinetics models employed to analyze MD trajectories through the construction of a network of macrostates. [25] [26] [27] [28] The statistical approach of this model allows the processing of long simulations in a more effective way, adding a new understanding of the underlying mechanism of a process defined by macrostates interactions, rather than a mere visualization of a high-dimensional space. In addition, MSM enables evaluation of equilibrium and kinetics properties observable on timescales not accessible from MD (as discussed above) from a combination of shorter MD simulations. Thanks to these advantages, MSM theory is commonly used in the study of macromolecule conformational changes, such as protein folding/unfolding, protein binding with ligands etc.
Briefly, the model construction begins with the definition of distinct macrostates, which consists of grouping structures in a kinetically relevant way. It is inevitable that a first approximation is based on the geometry of the system. Once the macrostates are identified, the transition matrix C(τ) is built, where τ is the lag time and each element C ij counts the observed transitions between the i-th and j-th states. From C(τ) it is possible to obtain the probability matrix, whose eigenvalues and eigenvectors are central output of the model: indeed, adequately chosen eigenvalue and eigenvector represent respectively the characteristic relaxation time and equilibrium distribution. This brief overview of MSM aims only to introduce the statistical analysis conducted on our MD simulations, while details on the formulation and framework can be found in the cited literature.
Tools
MD and WTMetaD simulations were carried out using Gromacs 5.2.1 14 patched with Plumed 2.3; 29 post-processing of the outputs employs Python, 30 Visual Molecular Dynamics (VMD) 31 supplemented with GISMO. 32 
Results: MD conformers of succinic acid in aqueous solution
Metadynamics Simulations
In order to uncover the conformational space of succinic acid we performed WTMetaD at 300 K and 1 bar biasing the three main structural dihedrals as CVs, as described in Section 4.1. Dihedrals t 0 , t 1 , and t 2 are defined in Figure S23a ; we note that the carboxylic acid groups remain planar and the description of the dihedral angle space does not depend on the choice of a specific oxygen atom. The output FES, as a function of the three dihedrals, shows a wide conformational sampling and, due to its high dimensionality, the phase space appears difficult to visualize; to better present the results, Figure S23 plots the projection of the FES on the t 0 -t 1 plane ( Figure S23b ) (t 0 -t 2 omitted for symmetry) and on the t 1 -t 2 plane (Figure S23c) , while in the 3D representations in Figure S23d and Figure S23e only volumes up to ~15 kJ mol -1 above the global free energy minimum are represented. The study of the symmetry of succinic acid enables reduction of such a complicated configurational space to just one quarter of the total volume: the explicative quarter shown in Figure S23e corresponds to the volume for which t0 ≥ 0, and t1 ≥ t2.
On this selected volume we located the free energy minima and identified the corresponding conformers, represented as black spheres in Figure S23e with volume proportional to their stability. First of all, we notice that as far as their carbon skeleton (t0) is concerned the conformers are grouped in two families: anti (t0~180°) and gauche (t0~58-67°). Once the structural symmetry is taken into account, we identify 5 different gauche conformers and four anti, by studying the values of dihedrals t1 and t2. To distinguish the configurations, we assign each a nomenclature composed of three letters that represent the values of the torsions in the t1-t0-t2 sequence: a stands for anti, and g for gauche. To better identify the t0 torsion, this is assigned a capital letter. As an example, the conformer with all the three dihedrals planar is aAa. One structure is identified as HE, as it does not belong to any of the two main families, but it has the highest free energy. The summary of this classification is reported in Table S19 , while Figure  S27a (and Figure 4 of the manuscript) shows a 3D ball-and-stick representation of the A and G conformers and the associated nomenclature. A detailed discussion of the relative stability of these configurations and its implications will follow with the comparison with MSM results. 
Analysis MD trajectories: MSM
Preliminary metadynamics exploration enables a clear and univocal definition of succinic acid conformers, which is a pivotal step towards the implementation of the Markov State Model. Indeed, it is key to determine kinetically relevant macrostates, often starting from geometrical considerations. Here, we consider each stable configuration as a state and identify the boundaries of the corresponding basin in the t 0 -t 1 -t 2 space ( Figure S24) ; only the 9 A and G conformers are included in this model as the free energy of HE is much higher than the others, thus reducing its probability to close to zero. As previously described, we ran 18 MD simulations 100 ns-long, starting from different conformers; the value of the dihedrals is reported with a lag time of 1 ps. Interestingly, the entire network of macrostates can be mapped within the first few nanoseconds of the runs, providing a large data set for MSM; this behaviour is in agreement with the low energy barriers found on the WTMetaD FES ( 17 kJ mol -1 , 4.3 kJ mol -1 , 0.5 kJ mol -1 , see Figure S25 ).
Figure S25. Monodimensional free energy surfaces in t 0 (a), t 1 (b), and t 2 (c).
To build the Markov State Model, the obtained MD trajectories need to be translated from the high dimensional space of coordinates to a sequence of macrostates ( Figure S26 ). To carry out this classification we exploit the definition of states obtained from the analysis of the free energy surface computed with metadynamics. The next task consists of building the transition matrix, C. The systematic analysis of the macrostates trajectories allows us to fill in C ij elements by counting the transitions; we highlight that the microscopic reversibility 27 is respected, as i→j C ij = C ji . Moreover, we evaluate the overall residence time in each state representing a conformer to obtain the matrix of transition rates, K. With this procedure we have thus built a kinetic network for the succinic acid conformers in water ( Figure S27a ).
Finally, with the aim of retrieving information on the equilibrium distribution of conformers and the relaxation time, we estimate the eigenvalues and left eigenvectors of the K matrix. The stationary probability of each state is expressed by the eigenvector corresponding to eigenvalue zero, while the characteristic time of the process is expressed by the inverse of the smallest eigenvalue different from zero. The results are reported in Figure S27b and Figure S27c . For the system under investigation, we confirm that the conformational rearrangement is a fast process, with a relaxation time to equilibrium distribution of ∼182ps ( Figure S27b) . We then validate the stationary composition obtained via MSM with the probabilities obtained from the WTMetaD free energy as . As shown in the histogram in Figure S27c , the results from the two
techniques are in good agreement, well within the error bars. The most abundant conformer in water is aGa, with a probability of 69±4% (WTMetaD, MSM 67±3%), followed by gGa, aAa, aA-g, and gG-g, all below 10%, while the remaining conformers are in smaller and almost negligible amounts. This distribution is particularly interesting in light of the conformational polymorphism of succinic acid, in particular the well-known β and the newly discovered γ, built respectively from conformer aAa and aGa. The β crystal is well-known for being the only one easily nucleating from solution, despite the fact that its constituent conformer aAa in water has a probability of 8.6 ± 2 % (WTMetaD, 7.3 ± 1% MSM) approximately one eighth the probability of aGa. On the other hand, despite the abundance of aGa conformers, it does not readily nucleate into either the new γ form or other polymorphs. This observation raises interest about the investigation of the mechanism of nucleation and the competing role of the conformers.
Finally, Figure S27a shows a well interconnected network, where each conformer can and does interconvert with all the others, regardless of the number of dihedrals that are switched at a time. This is again a sign of fast torsions. Figure S27 . 
Summary
We investigated the conformational space for succinic acid with two different approaches: WTMetaD and MSM. The equilibrium ensemble emerging from these methods is consistent, with differences between the two within the error bars. The most stable conformer is aGa, with a probability of 69±4% (WTMetaD, MSM 67±3%), while aAa follows 3rd in the ranking, with a probability smaller than 10%, corresponding to a free energy ∼3 kJ mol -1 larger than aGa. This highlight is important as aGa, the dominant conformer in water solution, is the configuration found in the newly discovered γ polymorph, while the β crystal is built with the less abundant aAa. However, the global relaxation time of the network of conformational states in solution is rather fast, of the order of 182 ps. These observations encourage further investigation into the nucleation mechanism in water of β succinic acid rather than γ succinic acid, despite the latter having the most favoured conformer. 4.3.3 Succinic acid conformational transitions in the bulk of the β phase.
During the analysis of the MD trajectories of the  phase, some molecules in the bulk displayed an interesting conformational behaviour, i.e. the reversible transition from conformer aAa to gA-g ( Figure S28a ). This rearrangement takes place as the carbon skeleton of succinic acid is free to rotate, in particular the central carbon atoms (C2 and C3, as defined in Figure S23a) ; importantly, such rearrangement does not modify the H-bond chain.
To gain a better understanding of this phenomenon, we perform WTMetaD on a molecule in bulk biasing t 0 , t 1 and t 2 , as previously done for a single molecule in solution. Results are reported in Figure S28b -c. As expected, the conformer aAa is the most stable, since it is the conformer found in the  crystal. Moreover, significant differences emerge in comparison with the behaviour of the single molecule in solution presented in Figure S23 . First of all, the conformations with the lowest free energy present planar t 0 , thus they belong to the anti (A) family ( Figure S28b ); in addition, within the A family we observe interesting modifications, such as a change in location or disappearing of some free energy minima, and the improved ranking of conformer gA-g, now second (~20 kJ mol -1 above aAa). This analysis confirms what is empirically observed in MD: the aAa  gA-g transition in the solid bulk of  is possible, but always reverts back to the more stable aAa conformer. 4.3.4 Structural relaxation and melting of the γ polymorph.
As discussed in the main paper and reported in Table S23 , NPT simulations of the γ polymorph highlight that its structure undergoes a relaxation that brings the β angle to 99°. To further characterize this transformation and to investigate whether it may be involved in the destabilization mechanism of the γ polymorph we have carried out metadynamics simulations of a γ supercell including 512 succinic acid molecules with the aim of enhancing structural fluctuations along the β angle in order to recover the free energy surface associated with the distortion of the relaxed β configuration (reported in Figure 5b in the main manuscript), and to explore the mechanism of melting associated with this distortion. To accomplish our first task, we have carried out a Well-Tempered metadynamics (WTMetaD) simulation, using cell angle β as a collective variable, with a bias factor of 150, a Gaussian height of 2.5 kJ mol -1 , σ of 5E-3 rad, and a deposition pace of 500 steps. With this setup the free energy surface can be converged in the vicinity of the relaxed configuration and the free energy gain per molecule associated with the relaxation observed in unbiased simulations is estimated to be ~3 kJ mol -1 .
To tackle the second task, we have carried out standard metadynamics simulations with a Gaussian height of 2.5 kJ mol -1 , σ of 5E-3 rad, and a deposition pace of 500 steps. In this simulation we observed that fluctuations along the β angle induce the local melting of succinic acid crystal layers that in turn induce irreversible conformational transitions and lead to the destabilization of the γ polymorph, which undergoes irreversible melting.
In Figure S29 we report the CV dynamics during the simulation time for both the WTMetaD and the MetaD simulations. For the WTMetaD simulation we also report on a secondary axis the height of the Gaussian as a function of time, to highlight the exhaustive exploration of the relevant interval of β. In the case of the MetaD simulation we report the potential energy per molecule of the system, showing how the fluctuations in the angle are actually leading to a destabilization of the system.
